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Abstract 
On the base of an assumed steady inlet circumferential total pressure distortion, three-dimensional time-dependent numerical 
simulations are conducted on an axial flow subsonic compressor rotor. The performances and flow fields of a compressor rotor, either 
casing treated or untreated, are investigated in detail either with or without inlet pressure distortion. Results show that the circumferential 
groove casing treatment can expand the operating range of the compressor rotor either with or without inlet pressure distortion at the 
expense of a drop in peak isentropic efficiency. The casing treatment is capable of weakening or even removing the tip leakage vortex 
effectively either with or without inlet distortion. In clean inlet circumstances, the enhancement and forward movement of tip leakage 
vortex cause the untreated compressor rotor to stall. By contrast, with circumferential groove casing, the serious flow separation on the 
suction surface leads to aerodynamic stalling eventually. In the presence of inlet pressure distortion, the blade loading changes from 
passage to passage as the distorted inflow sector is traversed. Similar to the clean inlet circumstances, with a smooth wall casing, the 
enhancement and forward movement of tip leakage vortex are still the main factors which lead to the compressor rotor stalling eventu-
ally. When the rotor works under near stall conditions, the blockage resulting from the tip leakage vortex in all the passages is very seri-
ous. Especially in several passages, flow-spillage is observed. Compared to the clean inlet circumstances, circumferential groove casing 
treatment can also eliminate the low energy zone in the outer end wall region effectively. 
Keywords: axial flow compressor; inlet distortion; casing treatment; aerodynamic stability; numerical simulation 
1 Introduction* 
In flights, aircraft engine destabilization is 
more likely to occur during rapid maneuvering or 
bumping into strong cross-winds due to inlet total 
pressure distortion. With the loads of modern com-
pressors ceaselessly increasing, the aerodynamic 
stability problems of a compressor become ever- 
increasingly critical. A lot of studies were devoted 
to deeper understanding of the flow mechanism of a 
compressor under distorted conditions[1-5]. Espe-
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cially, as the computer technology is developing, 
computational fluid dynamics (CFD) methods have 
been widely used to investigate the flow field in a 
compressor with inlet flow distortion. Joubert[6] 
used 2D Euler equations to investigate the flow in a 
compressor with inlet distortion. Hah, et al.[7] indi-
cated that inlet distortion would increase aerody-
namic losses and result in the unsteady interactions 
between passage shocks and the boundary layers. 
Rabe and Williams[8] utilized a full annulus un-
steady Reynolds-averaged Navier-Stokes (RANS) 
equation to predict unsteady pressures on the rotor 
blades working in a distorted inflow. 
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It is well-known that casing treatment can im-
prove the stall margin of an axial flow compressor 
though some losses of isentropic efficiency are usu-
ally unavoidable[9-12]. Because the uniformity of 
inlet flow is always taken as the principal assump-
tion in designing casing treatments, anywhere in 
published literature could scarcely found the data on 
a compressor with casing treatment under inlet flow 
distortion conditions[13]. 
In this article, the response of an axial flow 
compressor rotor with circumferential groove casing 
to the total pressure distortion of a steady inlet flow 
is numerically investigated by way of unsteady three 
dimensional Navier-Stokes equations. The general 
purpose is to investigate the flow fields in detail and 
enhance the physical understanding of the relation-
ship between the inlet distortion and the casing 
treatment. It is expected that this will allow more 
distortion-tolerant designs to be developed in the 
future. 
2 Tested Compressor Rotor with Circum-
 ferential Grooves 
The presented calculation is performed on a 
high-speed isolated axial flow compressor rotor, as 
is illustrated in Fig.1. The aerodynamic characteris-
tics of compressor rotors are already available with 
an extensive database of experimental measure-
ments, and the test rig has been widely used in the 
investigation of various forms of casing treatments. 
Table 1 lists the main design specifications of the 
tested compressor rotor. A circumferential groove 
casing, which has been proved effective in expand-
ing the operating range, is chosen for the present 
study (see Fig.2). 
 
Fig.1  Cross-sectional view of tested axial flow compressor. 
Table 1 Specifications of tested compressor rotor 
Solidity at mid-span 1.165 
Rotor tip radius/mm 149 
Hub-tip ratio 0.61 
Chord/mm 30 
Number of rotor blades 30 
Nominal tip clearance of rotor blade/mm 0.3 
Mid-span stagger angle/(º) 42.9 
Design mass flow/(kg·sec–1) 5.6 
Design isentropic efficiency 0.905 
Design total-to-total pressure ratio 1.249 
Design rotating speed/(r·min–1) 15 200 
 
(a) Schematic diagram of casing treatment ring 
 
(b) Schematic diagram of casing treatment 
Fig.2  Configuration of circumferential groove casing 
treatment. 
3 Numerical Simulation Method 
Numerical simulations are carried out with the 
aid of commercial code EURANUS, an integral part 
of the software package NUMECA FINE[14]. The 
simulation could be divided into two parts:  
(1) Part 1 with clean inlet, in which numerical 
simulations are confined only to steady-state simu-
lations on the base of the solution of the three- di-
mensional RANS equations. Therefore, it is suffi-
cient to limit the computation to a single blade pas-
sage domain. Because circumferential grooves are 
axially symmetrical, they are defined in the rotating 
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system of the blade row and modeled with the same 
periodicity as a rotor blade passage (see Fig.3). This 
procedure allows their computational domains to be 
linked to the blocks of rotor and tip clearance by a 
grid-to-grid connectivity. The number of grid points 
is about 4.0×105. The mesh is clustered towards 
solid boundaries in order to meet the resolution re-
quirement 1<Y+<10 for the first grid point near 
walls. The steady-state flow solution is achieved at 
the convergence of a four-stage explicit Runge- 
Kutta integration scheme. The time-marching algo-
rithm is stabilized using scalar eigenvalue-based 
second- and fourth-order difference smoothing op-
erators. The discretized equations are solved with 
local time stepping, implicit residual smoothing, and 
multi-grid techniques to reduce the computational 
cost. The algebraic Baldwin-Lomax turbulence 
model is used to deal with turbulence.  
 
Fig.3  Meridian view of single blade passage grids. 
(2) Part 2 with inlet circumferential total pres-
sure distortion, in which the three-dimensional time 
accurate numerical simulations are performed. It is 
different from the previous steady-state simulation 
in the computational grids consisting of inlet sta-
tionary blocks and downstream rotating blocks. The 
simple H-type grid topology is used for the station-
ary blocks which are extended from the downstream 
rotating blocks. In this way the interfaces between 
both sides are circumferentially equivalent (see 
Fig.4). The grids in rotating blade passages and 
circumferential grooves are the same as those used 
in previous steady-state simulations. In order to re-
duce the computational work, only one tenth or 
three blade passages of the 30-blade compressor 
rotor are modeled (see Fig.5). This means that the 
periodic boundary condition could be used. The 
number of total grid points is about 1.3×106. A 
standard practice in specifying inlet distortion pat-
terns for turbo fan engine manufacturers is to com-
pute the circumferential distortion index (CDI)[15]. 
Simply, the CDI, whose value is 0.05, is defined as  
t max t min
t max
CDI
P P
P
             (1) 
where Pt max and Pt min are the maximum and the 
minimum inlet total pressures. The domain scaling 
method is applied. The time accurate unsteady cal-
culations are performed in the implicit dual time- 
stepping scheme, which allow for the solution of a 
steady-state problem at each physical time step. 60 
real time steps per period are applied to capture the 
 
(a) With smooth walls 
 
(b) With circumferential groove casing treatment 
Fig.4  Schematic diagram of mesh for circumferential inlet 
flow distortion study. 
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Fig.5  Fixed circumferential distortion pattern at inlet of 
stationary blocks. 
unsteady interaction between stationary inlet blocks 
and downstream rotating blocks at an acceptable 
expense of computational effort. Besides, 20 New-
ton sub-iterations per real time step is applied in 
present unsteady calculations. To save CPU time, 
time-dependent solutions are generally initialized 
from a corresponding steady solution and only ap-
plied under near-stall operating conditions. 
4 Numerical Results and Discussions 
4.1 Overall performances 
The overall performances of the compressor 
rotor with smooth walls and circumferential groove 
casing are examined at 84% of design speed either 
with or without inlet distortion (see Fig.6). In order 
to detect numerical surge boundary of the tested 
compressor rotor, by running the CFD model under 
step-wise increasing back static pressures, the 
simulation is believed to be convergent if the mass 
flows, the total pressure ratio and the isentropic ef-
ficiency are converged to be constant and stable; 
otherwise, it is divergent. The calculated near-stall 
condition is the convergent solution under the high-
est back static pressure. As is shown in Fig.6, at 
84% of design speed, if compared to the character-
istics of the compressor rotor with clean inlet, the 
calculated total pressure ratio is reduced by 0.45% 
with the smooth walls and 0.17% with the circum-
ferential groove casing treatment by distortion. The 
decrease in responding peak efficiency accounts for 
0.89% and 0.20% respectively. It is clear that the 
circumferential groove casing treatment is able to 
enhance the aerodynamic stability of the compressor 
rotor either with or without inlet flow distortion. 
With clean inlet, the circumferential groove casing 
treatment lowers the stall mass flow by 11.5% and 
the peak efficiency by 1.1%. Under the inlet dis-
torted condition, compared to the case with smooth 
walls, the one with the circumferential groove cas-
ing treatment shows the stall mass flows down by 
 
 
Fig.6  Overall performances of tested compressor rotor at 
84% of design speed. 
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11.1% and the peak efficiency by 0.38%. Although 
the experiment data are only available to the clean 
inlet condition without casing treatment, the calcu-
lated compressor rotor performance agrees well 
with the experimental data. The previous work by 
Chu, et al.[16] also showed the validity of CFD simu-
lations to predict the effects of casing treatment on 
the compressor rotor under study. 
4.2 Flow mechanism under near-stall condition
    with clean inlet 
Fujita and Takata[17] indicated that the stall 
margin improvement is always related to the drop in 
peak efficiency for various types of casing treat-
ments. In their previous study, Lu, et al.[18] showed 
that this compressor rotor exhibits a spike-type stall 
inception, which is blamed for the formation and 
forward movement of the tip leakage vortex in dy-
namic fluid processes. Fig.7 shows the relative 
Mach number at 99% span section either with or 
without circumferential groove casing treatment. In 
the case with the smooth wall casing, the tip leakage 
vortex moves forward along the pressure surface 
almost to the leading edge of blade, e.g. low relative 
Mach number zone. Consequentlyˈthe blade pas-
sage is blocked by the low velocity zone as a result 
of the tip leakage vortex without any inflow passing 
through (see Fig.7(a)). By contrast, in the case with 
the circumferential groove casing, as is shown in 
Fig.7(b), the tip leakage vortex is suppressed by the 
circumferential flow in the grooves. Fig.8 shows the 
static pressure distribution at 99% span section. It is 
clear that the circumferential groove casing treat-
ment reduces the static pressure difference between 
the blade pressure surface and the suction surface. 
Fig.9 shows the limiting streamlines on the suction 
surface of the rotor blades. Comparison between 
Figs.9(a) and 9(b) reveals that the separation line in 
the case with the circumferential groove casing 
moves forward farther away from the tailing edge 
than with the smooth wall casing. As is discussed 
above, with clean inlet, the formation and forward 
movement of the tip leakage vortex causes the com-
pressor rotor to stall with the smooth wall casing; 
while with the circumferential groove casing, the 
effective suppression of the tip leakage vortex 
makes the blockage not the main factor to induce 
stalling. In this case, it is the serious flow separation 
at the suction surface of blade that leads to com-
pressor flow stall eventually. 
 
(a) With smooth walls 
 
(b) With circumferential groove casing treatment 
Fig.7  Relative Mach number at 99% of span (near stall 
condition). 
 
Fig.8  Static pressure distribution at 99% of span. 
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(a) With smooth walls       (b) With circumferential groove casing 
Fig.9  Limiting streamlines on suction surface. 
4.3 Flow mechanism under near-stall condi-  
    tions with inlet distortion 
Unsteady calculation is performed in the pres-
ence of inlet distortion at a near stall operating point 
either with or without the circumferential casing 
treatment. The process to find the time-dependent 
solution continued until a time periodic solution is 
perceived to be converged. The analysis of the pre-
dicted results is focused on examining the aerody-
namic response of the rotor when the distorted inlet 
sector is encountered. Efforts are made to determine 
the physical mechanism which would get rid of the 
negative effects of the distortion, and discover the 
beneficial effects of the circumferential groove cas-
ing treatment, if any, on altering these reactions. 
Figs.10-11 show the unsteady absolute total pres-
sure and axial velocity variations at the rotor inlet 
(100% of chord length upstream from the leading 
edge) in a period. Obvious disadvantages of abso-
lute total pressure and axial velocity resulting from 
inlet distortion are illustrated either with or without 
casing treatment. Fig.12 shows snapshots of relative 
Mach number and relative velocity vectors at 99% 
of span for an untreated compressor rotor, which are 
taken at three different moments when the com-
pressor rotor reaches three different circumferential 
positions. It should be noted that, the pattern of inlet 
total pressure distortion is so defined that there are 
three blade passages in a period, but only one of 
them is the distorted one, which is denoted by pas-
sage 2 in Figs.12-13. This article will highlight the 
flow field which changes from passage to passage 
as the distorted inflow sector is traversed. Therefore, 
only one third of a period—the stretch of time when 
 
 
 
Fig.10  Unsteady total pressure variations at rotor inlet, 
under near stall conditions. 
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Fig.11  Unsteady axial velocity variations at rotor inlet, under near stall conditions. 
 
(a) t = T/6 
 
(b) t = 2T/6 
 
(c) t = 3T/6 
Fig.12  Relative Mach number and relative velocity vectors at 99% of span (under near stall conditions with smooth walls). 
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(a) t = T/6 
 
(b) t = 2T/6 
 
(c) t = 3T/6 
Fig.13  Relative Mach number and relative velocity vectors at 99% of span (under near stall conditions with circumferential 
groove casing treatment). 
Blade 2 is traversing Passage 2—needs to be dis-
cussed. Fig.12 shows that the blockage due to the 
tip leakage vortex is the most serious of all blade 
passages. Fig.12(a) shows that when Blade 2 passes 
the distorted sector (Passage 2), the flow-spillage is 
observed at the leading edge of Blade 1. As shown 
in Figs.12(b) and 12(c), the flow-spillage is reduced 
or even removed along Blade 2 which is traversing 
the Passage 2. It is generally believed that the axial 
and the circumferential velocities are changed by 
the inlet distortion. Therefore, the blade loading is 
changed by the change of the attack angle. Besides, 
when the distorted inflow sector is encountered, 
there should be a corresponding increase in blade 
loading to achieve the desired exit static pressure. 
The blade loading reaches the highest when the 
blade encounters the distorted sector and the lightest 
when it leaves. Consequently, the blockage would 
· 504 · Huang Jian et al. / Chinese Journal of Aeronautics 21(2008) 496-505  
 
be more serious due to tip leakage vortex, the higher 
the blade loading becomes. As the exit static pres-
sure increases, the blockage in all blade passages 
becomes more and more serious, especially in part 
of blade passages which are associated with distor-
tion sectors, and then flow stalling occurs. Fig.13 
shows the relative Mach number distribution and 
relative velocity vectors at 99% of span in the case 
with circumferential groove casing treatment. As is 
shown in Fig.13, the stagnation zone caused by the 
tip leakage vortex almost disappears in all the blade 
passages. The relative velocity vectors in Fig.13 
illustrate the absence of any flow-spillage when 
blade 2 comes across the distorted sector, which 
means that the tip leakage vortexes are effectively 
weakened by circumferential grooves. To sum up, 
the blockage deriving from the enhancement and 
forward movement of the tip leakage vortex is not 
the main factor which leads to the rotor stalling. 
With the circumferential casing treatment, an en-
counter of the distorted region must cause an in-
crease in attack angle and blade loading. If the rotor 
works under near stall conditions, while the blades 
traversing the distorted inlet sector and maintaining 
the desired exit static pressure, the increase in load-
ing could exceed the stall capability of the rotor 
blade and cause stalling eventually. 
5 Conclusions 
A circumferential groove casing treatment for 
expanding the operating range of an axial flow 
compressor rotor has been investigated numerically. 
The effects of this casing treatment on the com-
pressor performances and flow mechanism are 
simulated with the help of an NUMECA software. 
The results of the present study can be summarized 
as follows:  
(1) The circumferential groove casing treat-
ment can expand the operating range of this com-
pressor rotor either with or without inlet circumfer-
ential pressure distortion at the expense of a slight 
drop in the isentropic efficiency. 
(2) With a clean inlet flow, the enhancement 
and forward movement of tip leakage vortex cause 
the untreated compressor rotor to stall. In compari-
son with the compressor rotor without circumferen-
tial groove casing treatment, its existence would 
effectively suppress the tip leakage vortex and, 
consequently, make the blockage due to the tip 
leakage vortex not the main factor to induce stalling. 
The serious flow separation at the suction surface of 
blade causes the compressor to stall eventually. 
(3) In the presence of inlet distortion, the blade 
loading changes from passage to passage as the dis-
torted inflow sector is traversed. Absence of the 
circumferential groove casing treatment will render 
the blockage of all passages due to tip leakage vor-
texes very serious with flow spillage observable in 
part of passages. The enhancement and forward 
movement of tip leakage vortex are still the main 
factors leading to the stalling of untreated compres-
sor rotors. Similar to the case of clean inlet; the 
casing treatment also can reduce the tip leakage 
vortexes effectively. When the rotor works under 
near stall conditions, and traverses the distorted 
inlet sector and maintains the desired exit static 
pressure, the increase in loading could exceed the 
stall capability of the rotor blade and lead to stalling 
eventually. 
(4) The control of tip leakage vortexes is criti-
cal for expanding the stabile operating range either 
with or without inlet distortion. 
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